Miissbauer spectra and magnetic susceptibilities have been obtained for a series of Prussian Blue analogues of general formula MjAIMB(CN)&.mHzO where MA and MB are transition metal ions, j and k vary with the oxidation states of MA and MB and m typically has values from 8 to 14. The compounds were prepared from the hexacyano acids or with large quaternary ammonium counterions and are therefore not contaminated with alkali cations. In each analogue, A or B is iron and the second metal is Mn, Cu, Co, Cr or Ru. In each case it was possible to assign the site (A or B), oxidation state and spin state to each transition metal ion. This group of compounds are all class II mixed valence species from their colours, but do not show evidence of linkage isomerism or redox changes compared to the starting materials. The Miissbauer linewidths are consistent with the Ludi model of Prussian Blue.
The structure of Prussian Blue, Fe,[Fe(CN)& x H,O, prototype of a series of polymeric cyanides, has been the object of intensive investigations.' Historically, it was the first documented synthetic coordination complex and its unexpected deep blue colour has triggered many investigations. Many of these studies have attempted to discern whether there were discrete oxidation states or valence equivalency for the structurally different iron atoms. The bulk of information accumulated by X-ray diffraction,2-4 infrared spectroscopy,s*6 magnetic susceptibility,5,7*8 electronic structure,' Miissbauer studies,'&i6 photoelectron spectroscopy,'7*'8 and neutron diffraction studies19 support the assignment of discrete oxidation states as Fe(II)- an Fe3+ salt of the hexacyanoferrate(I1) ion.
Prussian Blue and its many analogues are generally obtained as fine powders. A wide variety of colours, stoichiometries, oxidation states and electronic properties are obtained by substituting different transition metals for the iron atoms in *Author to whom correspondence should he addressed.
PDLY Vol. 3. No. 2-D
Prussian Blue. This series of polymeric cyanides has the general formula where MA and MB represent transition metal ions, j and k are the stoichiometric numbers of the compound and vary with the oxidation states of the metals, A and B. These compounds are heavily hydrated; so that m typically has a value of 8-14.
The basic features of the crystal structure for Prussian Blue and the analogues were described in the pioneering work by Keggin and Miles' who defined the unit cell as f.c.c. with a cell edge of about 10 A. In their model, position 4a (0, 0,O) and 4b (l/2, l/2, l/2) are occupied by MA and MB, respectively. The carbon and the nitrogen of the cyanide ligand are located on the two sets of the 24-fold position (x, 0,O) . The eight fold positions (l/4, l/4, l/4) and (3/4,3/4,3/4) are randomly occupied by MA or alkali metals as required for electroneutrality. All MB atoms are octahedrally coordinated to the carbon end of the cyanide (i.e. M"C,), and the MA atoms are either present as octahedrally coordinated to the nitrogen (i.e. MAN6) or as uncoordinated interstitial ions. In this model, water molecules do not occupy crystalline sites, but rather are present only as zeolitic or surface water.
The model proposed by Ludi et aL2' retains some of the features of that of Keggin and Miles. Much of the new model is described in the context of the space group (Fm3m), with a cell edge ranging between 9.9 and 10.9A. The exact cell edge is a function of the specific compound and the differences reflect the MB--C and the MA-N bond distances. Their discovery of primitive reflections from single crystals of Prussian Blue changes the space group to Pm3m. The MA and the Ma atoms occupy the four-fold positions exclusively, and are, therefore, octahedrally coordinated to the nitrogen and the carbon atoms, respectively. The assumption of randomly distributed MA atoms in uncoordinated interstitial sites (8~) is discarded. The occupancy rate of the sites 4a and 46 is a function of the stoichiometry of the analogue. For example, when i = 1 and k = 1, then there will be a 100% occupancy of both sites 4a and 46. However, when thej :k ratio is greater than 1, the occupancy of site 4a remains at 100x, while that for site 46 becomes less than 100%. Specifically, when the j :k ratio is 4:3, as is the case for Prussian Blue, the average composition is postulated to be MBCb and MAN,,O,.,. The absence of whole MB(CN), octahedra leads to interruptions in the very tight three dimensional MA-NC-MB-CN-MA lattice postulated by Keggin and Miles. Coordinated water in sites normally occupied by the nitrogens has been suggested to explain the infrared spectra of the analogues. 22,23 As the ratio of i:k increases, the differences between the two models becomes more pronounced because as j : k increases the density should decrease for the Ludi model and increase for that by Keggin and Miles. The problem in differentiating between the two models on the basis of density measurements is, that such measurements are also a reflection of the chemical composition. If there are any unspecified alkali metals or water molecules in the compound under study, then the density measurements can be misleading. In the past, very little specific analytical data was ever included with the results, and it is likely that a variety of analytically different compounds were synthesized and studied as Prussian Blue. The structural implications of the two models and the relationship of the non-cubic analogues is reviewed elsewhere. 24 We have carried out a systematic study of a series of Prussian Blue analogues. In' each, at least one of the metal atoms (and in the case of Prussian Blue-both) is iron. One objective of this investigation was to determine whether or not linkage isomerism'and/or oxidation-reduction occurs for the analogs by determining the site configuration and spin state for metal ions. and E. A. MEYERS In the preparation of the compound which has been called "Turnbull's blue" but which is actually Prussian Blue, it is clear that linkage isomerism or oxidation-reduction has occurred.25 Underlying the study of the analogs is the question of whether this linkage isomerism is typical or even common. Note that while linkage isomerism is indistinguishable from oxidation-reduction in Prussian Blue, this is not the case when MA is a different atom from MB.
EXPERIMENTAL SECTION Prussian Blue analogues were kindly supplied from the laboratory of Dr. A. Ludi, Universitat Bern, Bern, Switzerland. These compounds were prepared with careful attention to analytical composition as described by Buser.26 The preparations avoid contamination by alkali cations by using the acid form of the hexacyano species, or by using large quaternary ammonium counterions.
Magnetic susceptibilities
Magnetic susceptibilities were measured by the Faraday method. Samples (about 15 mg) in an open quartz bucket were suspended from a R-100 Cahn Electrobalance into a V-3400 Varian electromagnet fitted with Heyding pole pieces. A Varian Fieldial Mark I was used to regulate the field strength. Susceptibilities were corrected for diamagnetic contributions using values listed by Figgis and Lewis.27 The system was checked by calibration with Ni(NH,),(SO,),.
6HrO against HgCo(SCN),. Results corresponded closely to those reported by Simmons.28 The magnetic data is summarized in Table 2 .
The Mtissbauer spectra were obtained using a constant acceleration drive unit coupled with a multichannel analyzer operated in the time mode. In the temperature range 84" <T c 298K, the spectrometer employed was built by T. M. Gould and has been described in detail in his thesis.29 For this temperature range, a Styrofoam insulated dewar was used; the temperature was monitored with a Cu constantin thermocouple. All reported Miissbauer spectra were gathered with temperature variations of less than &2%C. A very thin piece of circular carboard was cut to a diameter of 3.5 cm with an inner hole of diameter 2.7cm. One side was covered with mylar film attached with double sided tape. A finely ground powder (40-90mg) as then pressed into the hole and covered with a second piece of mylar. These samples were fitted into the aluminum block of the cryostat.
An enriched 57Fe sample was used to calibrate the velocity. All chemical shifts (cs) are relative to sodium nitroprusside (T = ambient). The source temperature remained at room temperature for all spectra obtained with this system.
A second system was used to obtain the spectra in the temperature range 4.2 K < T < 77 K.30 Samples (30-50 mg) were pressed in small plastic vials (1 cm dia.) and stoppered with Styrofoam. Velocities were internally calibrated. The CS are relative to sodium nitroprusside. Since the source is immersed in the dewar, the source temperature was monitored and maintained at 18 K. No corrections were made for the variance in source temperature between the two systems.
The Mossbauer data points were fitted to a series of Lorentzian or Gaussian-distribution of Lorentzian shaped peaks by a nonlinear least squares analysis. The non-resonant background is fit to a parabola. The method used to fine the parameters which minimize the chi-squared value is the Gauss-Newton iteration method. Specific details (including a listing of the main program and the subroutines) are given in Gould's thesis.29
The print-out for this program includes the normalized chi-squared (x2) value after each iteration and after the final calculation, a list of the best fitting parameters, with a measured fitting error, experimental vs the fitted area, individual line and/or pair areas and estimated diagonalized areas. The goodness of fit parameter x2 was compared for various initial conditions, e.g. one line 2 independent lines, QS pair, etc. An acceptable value of x2 was 0.95 I x2 I 1.25. Two independent lines were considered a QS pair if the areas were within 5% of each other and if the x2 did not radically change constraining the data to fit a QS pair. A typical spectrum is shown in Fig. 1 . In all spectra, over one million counts per channel were accumulated.
Guinier X-ray photographs were obtained for samples where the number of phases was in doubt.
RESULTS AND DISCUSSION
The results are divided into two parts: the tist deals with iron atoms expected to be in MBC6 sites; the second deals with iron atoms expected to be bonded to the nitrogen end of the cyanide (MA). The discussion will be directed towards confirming the oxidation and spin state, and elucidating insofar as possible the site symmetry. red-brown with a well defined crystaline phase.24
The magnitude of the CS is that expected for low spin iron. The QS is temperature dependent ( Table  1) . The temperature dependent spectra were fitted by the usual techniques described elsewhere."' The size of the QS and the extent of variation with temperature clearly indicate low spin Fe(II1) behaviour and suggest a splitting with the f2, octahedral orbitals of the order of kT (-170 cm-').
of p = Table 2 . Since both Co(I1) and Fe(II1) are contributing to the paramagnetism of the compound, attribution of the magnetism to the two species can only be approximate. Assuming no interaction, the form for the magnetic moment of an A,B, salt is33
The compound Na, [Fe(CN) ,pyrazine]*3H,O is bright red. The Miissbauer data, in the temperature range 83 I T s 294 K, give a wellresolved doublet.
,&a = [nj&,* + mpa']"'.
(
The QS is independent of temperature and is apparently due to the difference in covalency between the pyrazine and cyanide ligands. The data agree closely with that reported by Weihofen34 for the pyrrolidine-substituted complex.
Using spin only values for Co(II), Fe(III), one
The compound is diamagnetic which, coupled calculates a room temperature moment of with the Miissbauer data prescribes a Fe(II)C,N, pAB = 6.7. However, substantial contribution to the site configuration. Although this compound is not observed or orbital contribution from both species a Prussian Blue analogue, the data are useful for is likely. If one takes accepted values" of ~1 = 2.4 comparison purposes to other low spin iron(I1) for K,Fe(CN)6 and p = 5.1 for cyanides. In particular, they show the sensitivity of (NH,),CO((SO~)~~~H,O and uses the formula the quadrupole splitting of low spin iron(I1) to above, one calculates p = 9.46. The observed value lowered symmetry. The magnetic moments indicate that in both cases the Co*+ are weak but slightly different fields. Given the importance in the Ludi model of water in the crystal field around the MA site,% the addition of one water per mole of compound might strengthen the crystal field enough to result in observable orbital quenching. More definite descriptions of the ligand fields surrounding the Co*+ ions can not be made.
Compound: Cr,[Fe(CN)&* 14H,O
The compound Cr,[Fe(CN)&*14H20 is dark green. The Miissbauer spectra obtained in the temperature range 298 2 T 2 4.3 K have a single resonance peak.
The lack of QS and the magnitude of the CS indicate that the site assignment for the iron atom is Fe(II)C,. Any observed paramagnetism should be a function of only the chromium atom. The experimentally observed magnetic moment is close to the spin-only value for Cr(II1). The configuration Fe (II~C=N--Cr(III) is substantiated by both the experimental measurements.
Iron atoms in MA sites
There remains controversy concerning the positions of the MA metal atoms. The two models assign different locations for these atoms. That the stoichiometry will influence the kinds of sites occupied by the MA atoms is agreed to by both. In the Keggin model, MA atoms are in well-defined nitrogen octahedra and interstitial sites. The number of interstitial sites occupied is a function of the stoichiometry. In the Ludi model, the MA atoms are all in six-coordinate sites. No interstitial sites are postulated to be occupied by MA atoms. In order to define the MA site more exactly, Mossbauer and magnetic susceptibilities were obtained.
We have redone the magnetic susceptibility and Miissbauer spectra for Prussian Blue and include it for comparison. The primary motive for repeating earlier work was the paucity of analytical data for compounds labeled as Prussian Blue. The water content has been analytically well-defined in our preparations, whereas in the past,,water has been assumed to be zeolitic in nature. The single-crystal work done on Prussian Blue2**37 substantiates water occupying crystalline sites. In addition to the QS, the magnitude of the FWHM for this compound is almost twice that obtained for similary prepared samples where the iron atoms is in the MB site. If two or more similar iron sites are present, broadened lines would be expected. Two lattice effects can explain this situation: (1) impurities in the sample, that is, the iron atoms are not in the well-defined MA sites for a face center cubic crystal, as expected. Or, (2) two nearly equivalent sites exist (i.e. cisltrans orientation of water ligands about the iron atoms). The magnetic data are consistent with a high spin ferrous complex with orbital contribution to the moment. The Guinitr photographs indicate only one phase is present. In this case the evidence parallels the Ludi model quite closely.
Compound
The compound Fe,[Ru(CN) J3. 14H,O is dark blue, quite similar to Prussian Blue.
The Miissbauer spectra obtained are rather diffuse at temperatures higher than 87.2 K and of relatively low intensity. The values obtained for the CS vary strongly with temperature; quite similar to that postulated for other Fe(II1) complexes.3s The QS varies with temperature in a manner that may be a function of fitting the rather diffuse spectra.
The FWHM is again larger than what is obtained for similarly prepared samples where the iron atoms is in well-defined MB site. The FWHM is indicative of two or more lattice sites being occupied by the Fe(II1) (MA). If the sites were extremely different (i.e. interstitial site vs MA site) the two sets of doublets would probably be resolvable.
The magnetic data are consistent with the site assignments
There is no evidence for linkage isomerism in this species.
A wide variety of methods have been used to elucidate the structure of Prussian Blue and consequently there exists a large volume of published data. Vide supra.
The Miissbauer spectra obtained in the temperature range: 84 < T < 298 K vary rather little. The variation in the CS and QS with temperature is probably a function of the curve fitting process, the overlaps making resolution difficult. The asymmetry on the r.h.s. of the more intense peak indicates that the observed envelope is the sum of two unresolved peaks. An investigation using an 56Fe labeled Prussian Blue39 substantiates this type of fitting, where both an Fe(II1) (non-octahedral symmetry) and Fe(I1) (octahedral symmetry) are present, as do our data for the analogues.
Our magnetic moment value is in general agreement with those previously obtained',* although some of the discrepancies may be due to differences in formulation especially regarding potassium ion or water.
CONCLUSIONS
In all the cases examined here, the ions bonded to the carbon end of the cyanide (MB) are in low spin configurations, and all ions in MA sites are high spin. None of this group is involved in linkage isomerism and the location of the ions has been determined to be that predicted based on the starting materials. All compounds in the group (with the exception of course of Na, [Fe(CN) ,pyz].3H,O) appear to be Prussian Blue analogues in the sense of having well defined octahedral cyanide sites, extensive water of hydration, and variations in the MA sites. This latter property is particularly evident in the Miissbauer linewidths which are substantially greater for ions in MA sites, in accord with the Ludi model. In Prussian Blue itself the linewidths are uncertain because of overlapping peaks whereas in the analogs the effect is clear. Conversely, the MB linewidths are relatively narrow and no quadrupole splitting is observed for the low spin iron(I1) cases. All of these compounds fit the class II description of mixed valency, having colors which are not composites of the constituents. The determination of magnetic ordering at low temperature awaits further investigation.
